Abstract. This study aimed to investigate the role of iron in the occurrence and development of hypoxic-ischemic brain injury (HIBI) in immature rat models using 3-day-old Sprague Dawley rats. Normal control (NC), hypoxic-ischemic (HI), anemia, HI + ischemia, early iron treatment and late iron treatment groups were established. Rat brain tissue sections were stained with hematoxylin and eosin and pathologically evaluated. Iron content and mRNA expression levels of iron regulatory protein 2 (IRP2) and transferrin receptor in the brain tissues were measured. Ultrastructural changes in the actin, microtubules, myelin and mitochondria of oligodendrocytes and axons were examined by electron microscopy. Numbers of viable myelin sheaths and oligodendrocytes in the periventricular area were also observed. Pathological damage of brain tissue in the HI group was markedly increased compared with that in the NC group. Furthermore, there was a higher iron content and reduced number of viable oligodendrocytes in the periventricular area of the HI group compared with the NC group. No significant difference in iron content was observed between the HI + anemia and NC groups. The number of viable oligodendrocytes in the HI + anemia group was increased compared with that in the HI group, and the number in the HI + anemia group with late iron treatment was lower compared with that in the NC group and increased compared with that in the HI + anemia group. Electron microscopy revealed a significantly higher number of myelin sheaths in the HI + anemia group than in the HI group. IRP2 mRNA expression levels in the brain tissues were significantly decreased in the HI + anemia group compared with the HI group. The results suggest that anemia may reduce the rate of increase of iron content of the brain following HI. However, the early occurrence of anemia may protect against HIBI.
Introduction
The survival rate of extremely premature infants (born at <28-weeks of gestation) has been greatly enhanced due to multiple factors, such as technological advances, the use of antenatal steroids, surfactant therapy and improvements in antenatal and postnatal care (1) . However, problems remain regarding the prognosis of nervous system injuries and neurological disabilities, including cerebral palsy and other development disorders in premature infants (2, 3) . Since the underlying mechanisms of brain injury and repair in premature infants are unclear, there has been a lack of progress in the development of clinical treatments for these disorders.
Iron has an important role in vivo due to its association with hemoglobin and oxygen-carrying function. In the brain, iron also acts as an important component of enzyme systems; it is essential for a number of enzymes involved in neurotransmitter synthesis, including tryptophan hydroxylase (serotonin), tyrosine hydroxylase (norepinephrine) and dopamine (4, 5) .Previous studies have suggested that iron may contribute to nervous system development in children; an iron deficiency during infancy has been shown to affect the development of the nervous system, leading to poor intelligence, a lack of concentration, learning difficulties and various other symptoms (4, 6) . Conversely, other studies have reported an increased brain iron content in various adult demyelinating diseases, including Alzheimer's disease, Parkinson's disease, Huntington's chorea (7) (8) (9) and obstructive cerebral hemorrhage (10, 11) . Notably, iron chelation therapy, including deferoxamine, is able to markedly alleviate these diseases (12) . In addition, it has been hypothesized that iron increases oxidative damage and participates in associated pathways, which may be a potential mechanism (13) .
The present study hypothesized that iron deficiency or anemia may protect against the incidence of hypoxic-ischemic brain injury (HIBI) in neonatal or premature infants, provided that the anemia is not severe enough to cause serious complications. Conversely, during the recovery stage of HIBI, the attenuation of anemia may be beneficial, in order to promote the recovery of nerve injury and nervous system development in the future.
Insights into the role of iron in immature rat model of hypoxic-ischemic brain injury
The present study aimed to investigate the effects of anemia in an immature rat model of HIBI. In addition, the therapeutic potential of iron treatment on the rats, and its underlying mechanism, were analyzed. The results of the present study may provide a foundation for future studies and identify novel therapeutic targets for brain injury function rehabilitation in premature children.
Materials and methods
Experimental design. The present study was conducted at the Experimental Animal Center of Beijing Friendship Hospital, Capital Medical University (Beijing, China), during the period of July 2012 to February 2013. All experimental procedures were approved by the Animal Study Ethics Committee of Beijing Friendship Hospital, and were conducted in accordance with the institutional criteria for the care and use of laboratory animals in research.
Experimental materials. A total of 90 healthy 2-day-old Sprague Dawley (SD) rats (weight, 6-8 g) of both genders were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The rats were maintained under a 12-h light/dark cycle at 20-26˚C and 40-70% humidity, with ad libitum access to food and water. The wastes of the animal experiments were disposed of according to the Experimental Animal Guidelines of the Health Ministry of the People's Republic of China.
Grouping, modeling, and interventions. Three-day-old SD rats were randomly divided into the following six groups: i) The normal control (NC) group (n=21); ii) the hypoxic-ischemic (HI) group (n=21); iii) the anemia group (n=21); iv) the HI + anemia group (n=21); v) the early iron (35 mg/kg once daily; Niferex; Schwarz Pharma, Inc., Zhuhai, China) treatment group (n=3); and vi) the late iron treatment group (n=3). The NC group underwent normal feeding. Rats in the HI group underwent bilateral common carotid artery ligation following the intraperitoneal injection of 10% chloral hydrate (0.5 ml/kg; Meilun Biology Technology Co., Dailan, China). The skin incisions were sutured, and the rats were allowed to recover for 1 h, prior to placement in a sealed water bath containing a hypoxic gas mixture (92% nitrogen, 8% oxygen) at 37˚C for 90 min. In order to establish the anemia group, a 1-ml syringe needle was inserted at the strongest beating points of the heart at depth ~0.5 cm, and was used to take 0.4-0.5 ml blood, and was pressed to stop the bleeding. Rats in the HI + anemia group were intraperitoneally injected with 10% chloral hydrate (0.5 ml/kg) and underwent the same surgical procedure and hypoxic exposure as the HI group, after which they received the same treatment as the anemia group. In the early and late iron treatment groups, rats commenced treatment with iron (35 mg/kg body weight) on days 1 and 7, respectively, following HI + anemia modeling. Treatments lasted until the end of the 28-day experimental period.
Tissue specimen preparation. Tissues were collected from 4-and 6-day-old rats for hematoxylin and eosin (H&E) staining, from 28-day-old rats for electron microscopic examination, and 4-day-old rats for iron content and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) measurements. Rats were anesthetized by the intraperitoneal injection of 10% chloral hydrate anesthesia (0.5 ml/kg), and then sacrificed by decapitation. Blood tests were conducted immediately, following the collection of blood in an anticoagulation tube. Five rats with hemoglobin levels >100 g/l, tested using Horiba ABX Pentra DF-120 Analyzer (Horiba Medical, Montpellier, France), were excluded from the anemia and HI + anemia groups. Rat brain tissues were harvested under strictly aseptic conditions. The leptomeningeal vascular surface was completely stripped, removed and preserved in neutral formalin. Subsequently, the tissues were sliced into 14-µm sections for H&E staining, frozen and stored in a refrigerator at -80˚C for iron content and RT-qPCR measurements. They were placed in 2.5% formaldehyde amyl fixative (CellChip Biotechnology Co., Ltd., Beijing, China) for further processing by electron microscopy.
H&E staining. Brain tissues were placed in 30% sucrose overnight at -4˚C. The tissue sections were stained with 10% hematoxylin dye for 3 min, differentiated with 0.5% ethanol hydrochloride for several seconds and recovered with lithium carbonate saturated solution, prior to washing with distilled water. Subsequently, the tissue sections were stained with 0.5% eosin for 1 min, dehydrated with gradient ethanol after washing, immersed in dimethyl benzene and mounted with neutral gum.
Detection of iron content in the brain. The brain tissues of rats in the NC, HI, anemia and HI + anemia groups were weighed and washed with phosphate-buffered saline. The tissue (0.5x0.5 cm) was then mixed with homogenate buffer (Thermo Fisher Scientific, Inc., Waltham, MA, USA) to a volume ratio of 1:5, and homogenized at 400 x g for 10 sec, 6 times. Then, the homogenates was centrifuged at 1,600 x g for 15 min at 4˚C, and the supernatant was separated. Brain homogenates were treated with HNO 3 -H 2 O 2 solution and boiled until transformed into a colorless transparent liquid. The iron content in the brain tissue was quantified using atomic absorption spectrophotometry (14) .
Immunofluorescence staining of oligodendrocytes. Brain tissue was immersed in fixative (4% paraformaldehyde), dehydrated and embedded with optimal cutting temperature compound. The sections of rat brain tissue were preserved at -4˚C. Then, sections were incubated with polyclonal primary rabbit anti-carbonic anhydrase II (CAII) antibody (1:200; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 4˚C overnight followed by incubation with the DyLight 594-labeled goat secondary antibody (1:500; ZSGB-Bio, Beijing, China) at room temperature for 30 min. Cell nuclei were stained with Hoechst 33342 (ZSGB-Bio). The survival of oligodendrocytes around the ventricles was observed visually using an Olympus BX51 fluorescence microscope (Olympus Corporation, Tokyo, Japan).
Quantification of mRNA expression levels of iron regulatory protein 2 (IRP2) and transferrin receptor (TFR) in rat brains.
Total RNA was extracted from the brain tissue of the SD rats using TRIzol reagent (Abcam, Beijing, China) and treated with DNase I (cat. no. EN0521; Fermentas; Thermo Fisher Scientific, Inc.). The RNA product was then examined by agarose gel electrophoresis. Reverse transcription was performed to transcribe the total RNA into cDNA, using a Thermo First cDNA Synthesis kit (cat. no. 33-20102; SinoGene Scientific Co., Ltd., Beijing, China). The reaction system consisted of 10 µl DNase, 1 µl random primer, 4 µl 5X reaction buffer, 2 µl reverse transcriptase enzyme, and diethylpyrocarbonate water to a total volume of 20 µl. qPCR reactions were carried out using 2X SG Green qPCR mix (with ROX; cat. no. 22-10102, SinoGene Scientific Co., Ltd.) with a StepOnePlus Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The primer sequences were designed using Primer Premier 5 software (Premier Biosoft International, Palo Alto, CA, USA) and were as follows: IRP2 forward, TTGTCCATGTTTAAAGCACTGA and reverse, ACACTGAATCTGGAGCGTCTA (product length, 82 bp); TFR forward, TGGACTGCAGGAGACTAT and reverse, GTACCCAGGACGACTTTAT (product length, 116 bp); β-actin forward, CGTTGACATCCGTAAAGACC and reverse, CTAGGAGCCAGAGCAGTAATC (product length 116 bp). β-actin was used as a reference gene. qPCR reactions were performed under the following conditions: 10 min at 95˚C, followed by 40 cycles of 15 sec at 95˚C, 15 sec at 53˚C and 35 sec at 72˚C. An additional step was used (95˚C for 15 sec, 60˚C for 30 sec and 95˚C for 15 sec) for dissociation curve analysis. Data were analyzed using the 2 -∆∆Ct method (15) .
Electron microscopy. Three 28-day-old newborn rats were selected from each group and were sacrificed by decapitation, prior to extraction of the periventricular tissues. The tissues were cut into 1-mm 3 samples and immersed in a solution containing 2.0% paraformaldehyde and 2.5% glutaraldehyde, followed by fixing with 1% osmium tetroxide for 2 h at 4˚C. Subsequently, the tissue sections were washed three times with 0.2 M sodium cacodylate buffer for 10 min, and then three times with double distilled water for 10 min, followed by dehydration using alcohol gradients. The samples were further embedded in epoxy resin (Zhongke Chemical Co., Ltd., Tianjin, China), cut into 100 nm slices, stained with uranyl acetate and lead citrate, and observed under an H-7650 Transmission Electron Microscope (Hitachi, Ltd., Tokyo, Japan). The brain tissue ultrastructure was observed under visual observation at x20,000 magnification, and the number of myelin sheaths was counted under x5,000 magnification; five fields of view were randomly selected for each slice.
Statistical analysis. The results from each group were compared using multivariate analysis of variance. Comparisons between two groups were performed using the independent samples t-test. Correlation analysis between two variables was conducted using linear regression analysis. Statistical analyses were conducted using SPSS software, version 13.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Establishment of a rat model of anemia.
A rat model of anemia was established using immature newborn rats. The mean hemoglobin content of each group is presented in Table I . The hemoglobin contents differed significantly among the groups (P<0.001); the levels in the anemia and HI + anemia groups were lower than those in the NC and HI groups, and met the standards of the anemia model, since they were ≤100 g/l.
H&E staining of the rat brain tissue sections. In the NC group, the brain tissues looked healthy, with neatly ordered, normally shaped cells with a central nucleus and clearly visible nucleoli (Fig. 1) . However, in the HI group, a large number of cells in the cortical, hippocampal and periventricular areas exhibited necrosis, vacuolar degeneration, nuclear condensation and fragmentation. In some cases, dissolution of the nucleus was observed. Table II , there were significant differences in brain iron content among the groups (F=5.853; P=0.003). Further analysis indicated that the iron content in the anemia group was significantly lower than that in the NC group (P=0.047); whereas the iron content of the HI group was significantly higher compared with that in the NC group (P= 0.045). No significant differences in iron content were observed between the HI + anemia group and the NC group (P=0.766). The iron content of the HI group was significantly higher than that of the HI + anemia group (P=0.024). Fig. 2 , the number of oligodendrocytes around the ventricles in the HI group was markedly decreased compared with that in the NC group. Furthermore, the number of viable oligodendrocyte glial cells in the ventricles of the anemia group was slightly increased compared with that in the NC group, and the number of viable oligodendrocytes in the HI + anemia group was increased compared with that in the HI group.
Brain iron content. As shown in
Immunofluorescence of oligodendrocytes. As depicted in
mRNA expression levels of IRP2 and TFR in the rat brains. As shown in Tables III and IV , there were significant differences in the mRNA expression levels of IRP2 and TFR in the rat brains among the groups (IRP2: F=7.220, P=0.003; TFR: F=5.169, P=0.011). Further analysis suggested that the mRNA expression levels of IRP2 were significantly decreased in the anemia group compared with those in the NC group (P=0.05), and that they were significantly increased in the HI group (P= 0.023) compared with the NC group. There was no significant difference in IRP2 mRNA expression between the HI + anemia and NC groups (P=0.851). The mRNA expression levels of IRP2 were significantly increased in the HI group compared with those in the HI + anemia group (P=0.033). The changes in the mRNA expression levels of TFR were similar to those of the mRNA expression levels of IRP2 in each group. The mRNA expression levels of TFR in the anemia group were markedly lower than those in the normal control group, but were not significantly different (P=0.128). The mRNA expression levels of TFR were significantly higher in the HI group than in the NC group (P=0.041) and the HI + anemia group (P=0.016).
There was no significant difference between the HI + anemia and NC groups (P=0.643).
Electron microscopy results. In the rat brains of the NC group a uniform thickness and density, as well as a regular shape and clear boundaries of the myelin sheath, were observed in the intact structure. Furthermore, the nerve cells had a refined structure, the organelles in the cytoplasm appeared to have a normal morphology, the mitochondrial structure was intact, the distribution of chromatin in the nucleus was uniform, the axonal microtubules and filaments were well-organized and integrity of structure was detected. In addition, no pathological changes were observed in the surrounding areas of the brain (Fig. 3A and B) . The number of myelin sheaths in the rat brains of the HI group was significantly reduced compared with the number in the NC group. Furthermore, incomplete structures, irregular organelle morphologies and a disrupted arrangement were observed. Edema was evident in the cytoplasmic organelles of the neurons, including a reduced number of mitochondria in comparison with the NC group. Similar results were observed for other characteristics, including edema morphology, ridge breaks and even disappearance, severe vacuolization of some mitochondria, chromatin condensation in the nucleus, disappearance of the cytoplasm and nucleus, swelling of the surrounding nerve fibers and the fracture and reduction of axonal microtubules and filaments ( Fig. 3C and D) .
The number of myelin sheaths was markedly decreased in the anemia group compared with the NC group. Furthermore, partial incomplete structures and irregular morphology were observed in the anemia group. Slight edema was detected in the cytoplasmic organelles of some nerve cells, the number of mitochondria was decreased, the ridge structure was partially broken, and there was an even distribution of chromatin in the nucleus. The filaments, including the microtubules, in axons were well arranged and their structures appeared to be intact (Figs. 4-6 ).
As compared with the HI group, the number of myelin sheaths was markedly increased in the HI + anemia group, and this was associated with structural improvements. Extended edema of the neuron organelles and mitochondria was alleviated. In addition, the ridge structure was well maintained and chromatin condensation in the nucleus was markedly reduced. Similar to the HI group, only slight breaks were observed in the filaments and microtubules of the axons in the HI + anemia group (Figs. 4-6 ).
As compared with the HI + anemia group, the number of myelin sheaths was markedly reduced in the early iron treatment group. This was accompanied by structural disorder, Furthermore, chromatin condensation and shrinkage of the nucleus were detected in the nerve cells. Similar to the HI group, more severe symptoms were observed in the early iron treatment group, including breakages and a reduced number of filaments and microtubules in axons, when compared with the HI + anemia group (Figs. 4-6) .
The number of myelin sheaths was markedly increased and the structure was improved in the late iron treatment group compared with the HI + anemia group. Alleviation of edema was detected in the intracellular organelles and mitochondria, and the ridge structure was well maintained and chromatin condensation in the nucleus of nerve cells was markedly reduced. However, similar to the observations for the HI group, there was a significant improvement in the damaged filaments and microtubules of the axon, which were decreased in number (Figs. 4-6 ).
As shown in Table V , there was a significant difference in the number of myelin sheaths among the different groups, when observed by low-resolution electron microscopy (F=118.429, P<0.001). Further analysis indicated that the number of myelin sheaths in the HI + anemia group and the HI group were markedly lower than the number in the NC group (t=12.691, P<0.001; t=6.091, P=0.001, respectively). The number of myelin sheaths in the early iron treatment group was significantly reduced compared with that in the HI + anemia group (t=10.928, P<0.001). The number of myelin sheaths in the late iron treatment group was significantly lower than that in the NC group (t=8.356, P<0.001); however, it was significantly higher than that in the HI + anemia group (t=4.811, P=0.003). As compared with the HI group, a higher number of myelin sheaths was observed in the HI + anemia group (t=2.524, P=0.045), although the number of myelin sheaths in these two groups was significantly lower than the number in the NC group (t=12.277, P<0.001; t=12.691, P<0.001, respectively).
Discussion
The production, differentiation and maturation of oligodendrocyte precursor cells differ between humans and rats; in particular, human oligodendrocyte precursor cells arise during early pregnancy (<32 weeks) and gradually differentiate into mature oligodendrocytes. In addition, the fastest period of axon myelination occurs during the first year after birth. Conversely, rat oligodendrocyte precursor cells increase in numbers during the first week post-birth, and the myelin sheaths are formed during the first 2 weeks, with the fastest period of myelin formation occurring during the first 3 weeks after birth (16) . The nervous system of a 7-day-old newborn rat is equivalent to that at 32 weeks of human pregnancy, and that of a 2-4-day-old newborn rat is similar to that of a human at middle pregnancy (28-31 weeks) (16) . Therefore, the 3-day-old newborn rat model of HI-induced brain injury established in the present study is suitable for use as a reference for pre-term infants with HI-induced brain injury that can be used for the investigation of potential clinical treatments. The ultrastructure of the HI + anemia group was comparable to that of the HI group. (E) In the early iron treatment group, the structural integrity was worse than that in the HI group and (F) in the late iron treatment group, the structure was improved compared with that in the HI group. The arrows indicate filaments and microtubules. Scale bar, 1 µm The results of the present study suggested that HI may lead to an increased postnatal brain iron content. Under an electron microscope, an incomplete structure, loosely arranged cells, oligodendrocyte and mitochondria abnormalities, myelin damage, lamellar separation and a reduced number of myelin sheaths were observed in the HI group, as compared with 28-day-old rats in the NC group. These results indicated that the early occurrence of HI in immature rats may affect the development of the nervous system; the time following birth for immature rats is a critical period for oligodendrocyte and myelin development, which causes oligodendrocyte precursor cells to be highly sensitive to the effects of adverse factors, such as hypoxia (17) . Therefore, myelin damage is more severe at this time.
When HI was accompanied by anemia, the iron content of brain tissues was significantly reduced compared with that in the HI group. Similar pathological changes were observed under the light microscope in the HI + anemia and HI groups. However, under the electron microscope, ultrastructural changes were significantly reduced in the HI + anemia group when compared with those in the HI group, and suggested that the number of myelin sheaths was significantly higher in the HI + anemia group compared with the HI group. These results suggested that anemia was able to reduce the iron content of the brain and concomitantly attenuate HI-induced brain injury. Therefore, early anemia may protect against HI-induced brain injury. However, significant ultrastructural changes were observed in both the HI + anemia and anemia groups after 28 days. In addition, the number of myelin sheaths, as detected using low-resolution electron microscopy, was markedly lower in the two groups, as compared with the NC group. Therefore, it may be beneficial to develop a novel intervention strategy for neonatal anemia, although the time point of intervention may influence the prognosis if the pre-term infant has suffered from HI-induced brain injury.
Considerable ultrastructural changes in the brains of the rats in the HI + anemia group, including changes within the myelin, synapses and mitochondria, were observed by electron microscopy. In the early iron treatment group, iron gavage was commenced 4 days after birth (1 day following the occurrence of HI and anemia), and continued until 28 days. When observed under an electron microscope, the number of myelin sheaths was found to be markedly lower in the early iron treatment group, as compared with that in the NC, HI + anemia, HI and anemia groups. These results suggested that iron treatment during the early postnatal stages may exacerbate brain injury or hinder the repair of brain damage. Therefore, in cases where HI-induced brain injury is accompanied by anemia in preterm children, the supplementation of iron during the early stages of development may not be beneficial.
In the HI-exposed immature rats that had anemia for a prolonged time period, such as until 10 days post-birth (7 days following the occurrence of HI and anemia) and were then treated with iron by gavage until 28 days (HI + anemia group, with late treatment), the brain injury was markedly alleviated when observed under an electron microscope. Beneficial effects of late iron treatment were observed in, for example, the ultrastructure of myelin, synapses and mitochondria.
The number of myelin sheaths was significantly higher in the late iron treatment group compared with the early iron treatment and HI + anemia groups. This suggested that late iron treatment may be beneficial for repairing the damaged brain, without incurring any adverse effects. Therefore, late iron treatment for HI-induced brain injury accompanied by anemia may facilitate the repair of brain injury.
There are two forms of IRP, namely IRP1 and IRP2 (18) (19) (20) . When the existence of cytoplasmic RNA binding proteins, also known as IRPs, was discovered, it was demonstrated that the proteins were able to regulate the expression levels of ferritin and transferrin at the post-transcriptional level, thus suggesting that they may have an important role in regulating the cellular metabolism of iron (21, 22) . Subsequently, IRP2 was discovered, and was shown to have a very similar structure and function to IRP1 (23) (24) (25) (26) . In cells, IRP1 is predominantly regulated by the intracellular iron concentration; when there is an iron deficiency, the binding affinity of IRP1 to the iron-responsive element (IRE) in ferritin RNA is increased, leading to the inhibition of ferritin mRNA translation. This in turn stabilizes the TFR mRNA, thereby enabling the cellular uptake of iron and preventing the occurrence of iron storage (27) . Conversely, when the intracellular iron concentration is increased, the binding affinity of IRP1 to the IRE in ferritin mRNA is reduced, leading to the reduced cellular uptake of iron and an increased rate of iron storage (27) . IRP2 is also regulated by the intracellular iron concentration, although by a different mechanism. When the intracellular iron concentration is increased, the binding affinity of IRP2 with mRNA decreases, which is accompanied by decreased levels of protein expression. This in turn results in iron-mediated protein hydrolysis (28) . The results of the present study suggested that the mRNA expression levels of IRP2 in the rats of the HI model group was significantly increased as compared with that in the NC group, thus suggesting that HI may increase the mRNA expression levels of IRP2 in the brain, leading to the increased iron content associated with HI-induced brain damage.
In conclusion, anemia reduced the rate of increase in iron content in the brain tissues of hypoxic-ischemic brain-injured newborn immature rats. Iron supplementation during the early stage of newborn infancy may result in aggravation of brain injury or affect the recovery of brain damage. However, iron supplementation at a later stage after birth appears to result in a significant alleviation of brain injury.
